Abstract: The feasibility of using a permeabilized preparation of human SH-SY6Y neuroblastoma cells for studies of muscarinic acetylcholine receptor (mAChR) sequestration has been evaluated. Exposure of cells permeabilized with digitonin, streptolysin-0, or the a-toxin from Staphylococcus aureus to oxotremorine-M (0x0-M) for 30 min resulted in a 25-30% reduction in the number of cell surface 
Abstract: The feasibility of using a permeabilized preparation of human SH-SY6Y neuroblastoma cells for studies of muscarinic acetylcholine receptor (mAChR) sequestration has been evaluated. Exposure of cells permeabilized with digitonin, streptolysin-0, or the a-toxin from Staphylococcus aureus to oxotremorine-M (0x0-M) for 30 min resulted in a 25-30% reduction in the number of cell surface NMS sites observed in the presence of 0x0-M was unaffected by omission of either ATP or Ca*' , both of which are required for stimulated phosphoinositide hydrolysis, but could be inhibited by the inclusion of guanosine 5'0(2-thiodiphosphate). mAChRs sequestered in response to 0x0-M addition were unmasked when the cells were permeabilized in the presence of higher concentrations of digitonin (80 pM).
The results indicate (a) that permeabilized SH-SY6Y cells support an agonist-induced sequestration of mAChRs, the magnitude of which is -65-70% of that observed for intact cells, (b) that when internalized, mAChRs are located in a cellular compartment to which [3H]NMS has only a limited access despite the removal of the plasma membrane barrier, and (c) that the production of phosphoinositide-derived second messengers is not a prerequisite for mAChR sequestration. Key Words: Human SH-SYdY neuroblastoma-Muscarinic cholinergic receptor internalization-Phosphoinositide hydrolysis-Digitonin permeabilization.
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Agonist occupancy of neural muscarinic acetylcholine receptors (mAChRs) elicits not only a rapid modulation of either adenylyl cyclase or phosphoinositidase C (PIC) activities, but also a slower adaptive response in which the cell surface receptors are internalized into a more hydrophobic cell compartment. The latter process, termed receptor sequestration, can be monitored following cell fractionation as a redistribution of cell surface receptors into a membrane fraction that exhibits a lower density than that of the plasma membrane (Harden et al., 1985; Fraeyman and Buyse, 1989) . However, it is more routinely detected as an agonist-induced reduction in the number of binding sites for hydrophilic ligands in intact cells (Fiegenbaum and El-Fakahany, 1985; Baumgold et al., 1989; Cioffi and El-Fakahany, 1989 ; Thompson and Fisher, 1990) . Two lines of evidence suggest that the sequestration of mAChRs is of physiological importance. First, once the receptor becomes internalized, its ability to couple to its intracellular effector enzyme, e.g., PIC, may be lost (Thompson and Fisher, 199 l) , and second, the extent of agonist-induced mAChR sequestration is predictive of the degree of subsequent receptor down-regulation (Thompson and Fisher, 1990) .
Despite frequent documentation of the agonist-induced sequestration of mAChRs, the molecular mechanism( s) underlying receptor internalization remain largely unknown. One factor that may account for this paucity of information is the routine use of intact cells, for which manipulations of intracellular milieu are not readily attained. Although the use of permeabilized cells could potentially circumvent this problem, no systematic assessment of this preparation for studies of cell surface receptor internalization has yet appeared. It is possible that receptor sequestration would be compromised when the plasma membrane barrier is disrupted. Furthermore, even if receptor se-questration persists in permeabilized cells, it may not be readily detectable because the internalized receptors could be more accessible to hydrophilic radioligands than in intact cells. The latter factor may account for previous unsuccessful attempts to monitor the sequestration of P,-adrenergic receptors in permeabilized cell preparations when assessed by means of radioligand binding (Fratelli et al., 1989; Lohse et al., 1990) . In a previous study , preliminary data were obtained to suggest that digitonin-permeabilized SK-N-SH cells were capable of mAChR sequestration. To explore this possibility further, in the present study we have evaluated the feasibility of using a permeabilized preparation of human SH-SY-5Y neuroblastoma cells for studies of mAChR sequestration, as monitored by a loss of cellsurface N-methylscopolamine (NMS) binding sites. These cells possess a large number of mAChRs, predominantly of the m3 subtype, as defined from immunological, biochemical, and pharmacological criteria, that are linked to phosphoinositide hydrolysis and Ca2+ signaling (Lambert et al., 1989; Cioffi and Fisher, 1990; Lambert and Nahorski, 1990; Wall et al., 1991) . We report here that an agonist-induced loss of [3H]NMS sites is retained in SH-SY-5Y cells even after the plasma membrane bamer has been permeabilized by addition of either digitonin, a nonionic detergent, or two bacterial toxins, namely, streptolysin-0 (SLO) and the a-toxin from Staphylococcus uureus. The characteristics of receptor sequestration in permeabilized cells resemble those of intact cells in terms of kinetics, agonist concentration dependence, and muscarinic agonist specificity. mAChR sequestration in permeabilized cells is largely independent of intracellular Ca2+ or ATP, assay components required for stimulated phosphoinositide hydrolysis, but can be inhibited by guanosine 5'-0-(2-dithiophosphate) (GDPPS). For digitonin-permeabilized cells, mAChR sites that are internalized following agonist addition become increasingly accessible to [3H]NMS when detergent concentrations are used that are higher than those required for permeabilization of the plasma membrane alone. The results suggest that, under defined conditions, a permeabilized cell preparation may be used to advantage in studies of mAChR sequestration. A preliminary account of part of this study has appeared elsewhere (Slowiejko and Fisher, 1993) . (Fisher and Snider, 1987) . Antibodies to the mAChR subtypes were raised against muscarinic i, loop fusion proteins, as previously described (Levey et al., 1990 (Levey et al., , 1991 .
MATERIALS AND METHODS

Cell culture conditions
Human SH-SY-5Y or SK-N-SH cells were grown in tissue culture flasks (75-cm2/250 ml) in 20 ml of Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) fetal calf serum (medium I). Cells were grown for 10-20 days at 37°C in an atmosphere consisting of 10% C 0 2 and 90% humidified air. Cells were detached by aspirating medium I and isolating the cells after incubation with a modified Pucks D, solution (Fisher and Snider, 1987) .
Immunoprecipitation of mAChR subtypes
The procedure of Levey et al. (1990 Levey et al. ( , 1991 ) was adopted, with minor modifications. A crude membrane preparation was obtained by Dounce homogenization of SH-SY-5Y or SK-N-SH cells (2 mg of protein/ml) in 10 mM Tris and 1 mM EDTA buffer (pH 7.5) that contained protease inhibitors (100 pg/ml of phenylmethylsulfonyl fluoride, 1.5 pg/ml of leupeptin, and I .5 pg/ml of aprotinin) followed by centrifugation at 20,000 g for 10 min at 4°C. To solubilize mAChRs, membranes were first resuspended in Tris-EDTA buffer containing 0.4% digitonin (Wako BioProducts, Richmond, VA, U.S.A.) and 0.04% cholic acid at a concentration of 1 mg of protein/ml of buffer and then homogenized and left on ice for 1 h. Membranes were then pelleted (12,000 g for 30 min), and the supernatants were retained on ice in the presence of 6 nM [3H]NMS for 30 min.
[3H]-NMS-labeled receptors were then incubated with antisera (diluted 1:40) for 4 h at 4°C in microcentrifuge tubes. Goat anti-rabbit IgG (Pel-Freez) was then added to a final dilution of 1% After overnight incubation at 4"C, samples were centrifuged at 2,000 g for 10 min. Immunoprecipitates were then washed twice with Tris-EDTA buffer containing 0.1 % digitonin and 0.01% cholic acid and resuspended in 1% sodium dodecyl sulfate, and radioactivity was determined after addition of 5 ml of Universol scintillation fluid. Controls that used nonimmune rabbit antisera to determine nonspecific trapping of receptor in immunoprecipitates (< 10% of total radioactivity) were subtracted from experimental values. Approximately 100% of radioactivity associated with solubilized receptors was recovered in the immunoprecipitates. However, the efficiency of mAChR solubilization ranged from 20 to 40%, a value comparable to that previously obtained (Levey et al., 1991; Wall et al., 1991) .
Radioligand binding
The binding of [3H]NMS to mAChRs on intact SH-SY-5Y cells was as previously described (Fisher, 1988 [3H] QNB for 60 min at 37°C. For both intact and permeabilized cells, reactions were rapidly terminated by filtration through Whatman GF/B glass fiber filters, and radioactivity was determined after addition of 5 ml of Universol scintillation fluid. As previously noted for SK-N-SH cells (Fisher, 1988) , a day-to-day variation in mAChR densities in SH-SY-5Y cells was observed (see Table 1 ).
Cell permeabilization
Unless indicated otherwise, cells were permeabilized with 20 phfdigitonin in KGEH buffer for 5 rnin at 37°C at a protein concentration of -2-3 mg/ml. This ratio of digitonin:cell protein was maintained throughout the study. Failure to exclude trypan blue dye (0.05% wt/vol) was used to assess permeabilization. Alternatively, cells (2-3 mg of protein/ml) were permeabilized by addition of 0.5 IU/ml of SLO for 10 min or 200 U/ml of a-toxin from S. aureu~ for 30 min. Permeabilized cells were then centrifuged, washed with an equal volume of KGEH buffer (minus permeabilizing agent), and resuspended in the same buffer with and without agonist. Incubations (free [Ca2*] -60 nM unless otherwise indicated) were then allowed to proceed at 37°C for the time(s) indicated. Reactions were terminated by addition of 4 volumes of ice-cold KGEH buffer followed by centrifugation at 300 g for 3.5 rnin at 4°C. Cells were then resuspended in KGEH buffer and assayed for radioligand binding as described. Although the 4°C temperature was routinely used for determination of [3H]NMS binding, similar results were obtained when the cells were incubated at 15°C for 4 h. Protein content was measured by the method of Geiger and Bessman ( 1972) .
Measurement of cytoplasmic Ca2+ concentration (ICa2+l*)
[CaZ+], values in SH-SY-5Y cells were determined by monitoring fura-2 fluorescence in a Shimadzu model RF-5000 spectrofluorophotometer using the dual wavelength method as previously described . Concentrations of free Ca2+ in Ca2+/EGTA buffers were measured directly after addition of fura-2 (free acid). ski and LaDue (1955) .
Lactate dehydrogenase (LDH)
Data analysis
Data are mean k SEM (or range where n = 2) values for the number of separate experiments performed. Student's two-tailed t tests were used to evaluate the statistical differences of the means of paired or unpaired sets of data.
LDH was quantified essentially as described by Wroblew-
RESULTS
Expression of m1-m5 muscarinic receptor subtypes in SK-N-SH and SH-SY-5Y cells
Previous studies of mAChR sequestration in this laboratory have used the SK-N-SH human neuroblas- toma, a cell line that possesses mAChRs of the M3 subtype, as determined from biochemical and pharmacological criteria (Fisher and Heacock, 1988) . Because of the possibility that the characteristics of mAChR sequestration might differ for individual receptor subtypes, in preliminary experiments we determined the proportion of mAChR subtypes present on both SK-N-SH neuroblastoma and its stable neuroblast subclone, SH-SY-SY, by means of m,-m5 subtype-selective antisera (Fig. 1 ) . Immunoprecipitation of solubilized mAChR proteins confirmed that the m3 mAChR is the major subtype present on both SK-N-SH and SH-SY-5Y cells. However, SH-SY-5Y cells consistently (over an 1 8-month period) exhibited a greater proportion of m3 receptors than the parent SK-N-SH cell line (81 +-2 vs. 57 f 4%; p < 0.001). Although a previous study pointed to the predominance of the m, mAChR in these cells (Serra et al. 1988) , < 10% of immunoreactivity was associated with m,, m,, m4, or m, subtypes in SH-SY-5Y cells (Fig. 1) . Thus, SH-SY-SY cells, which express a relatively homogeneous population of m3 mAChRs, were used for all subsequent experiments.
Ligand binding characteristics of mAChRs on intact and permeabilized SH-SY-5Y cells
Scatchard analysis of [3H]NMS binding to intact SH-SY-5Y cells revealed a mean B,,, value of 366 fmol/mg of protein and a KD value of 1.5 nM (Table  1) . When SH-SY-5Y cells were incubated with 20 pM digitonin for 5 min at 37"C, 84 f 1% (n = 40) of cells were permeabilized, as assessed by failure to exclude trypan blue (mol wt = 960). Under these conditions, 49 -+ 6% (n = 3) ofcellular lactate dehydrogenase activity was released. When compared with intact cells, permeabilized cells exhibited an increased B,, value for [3H]NMS (528 fmol/mg of protein) and a reduced (Table 1) . Thus, whereas digitonin permeabilization results in a small increase in the affinity of mAChRs for [3H]-NMS, it has no effect on receptor density.
Characteristics of agonist-induced loss of 13H]NMS sites in digitonin-perrneabilized cells
When digitonin-permeabilized cells were incubated in the presence of 1 mA4 0x0-M, a time-dependent (11,2 -5 min) loss of cell surface [3H]NMS binding sites was observed, which, after 30 min of agonist exposure, amounted to -25-30% of those sites originally present. In contrast, addition of 0x0-M had little or no effect on total mAChR number as monitored by the binding of [3H]QNB, a lipophilic antagonist (Fig. 2) . However, a small reduction in the binding of [3H]scopolamine, another lipophilic antagonist, was observed after 30 min of 0x0-M addition (14 f 5%, n = 4). The nonequivalence of [3H]scopolamine and [3H]QNB binding data may reflect the greater degree of lipophilicity of QNB (Frey, 1984 (Fig. 3) . The loss of cell surface [3H]-NMS binding sites was concentration dependent (EC,, for 0x0-M -10 pM; data not shown) and agonist specific (Fig. 4) . Thus, as previously noted for intact SK-N-SH cells (Thompson and Fisher, 1990 sis . The ability to monitor mAChR sequestration in a permeabilized cell preparation has permitted a more precise definition of the relationship, if any, between receptor internalization and the production of phosphoinositide-derived second messengers (Fig. 5) . When ATP was omitted [conditions under which mAChR-stimulated inositol phosphate production is inhibited by 70-90% (see ], the extent of mAChR internalization remained unchanged. Furthermore, the magnitude of mAChR sequestration was little changed when the ATP concentration was increased from 2 to 4 mM. Inclusion of 50 pM guanosine 5'-0-(3-thiotri- phosphate) (GTPyS), which results in the activation of PIC (Fisher et al., 1989; Cioffi and Fisher, 1990) , had no effect on receptor internalization when added alone. In addition, it failed to enhance the extent of agonist-induced mAChR sequestration. In contrast, inclusion of 2 or 5 mM GDPpS resulted in a 48-53% inhibition of mAChR sequestration, values comparable to those obtained for inhibition of stimulated phosphoinositide hydrolysis in permeabilized SK-N-SH or SH-SY-SY cells (Cioffi and Fisher, 1990; . Because the activation of mAChRs in SH-SY-5Y cells results in a rapid transient rise in [Ca2+],, which itself may serve further to activate PIC, we also determined the effect of [Ca2+], on mAChR sequestration. The extent of Oxo-M-induced sequestration was unaltered when [Ca2+Ii was buffered at concentrations that either do not support PIC activity [ t 1 0 & (Fisher et al., 1989) ] or approximate the peak [Ca2+], achieved during the first 5-10 s of agonist addition (-500 nM). Further evidence that changes in [Ca2'], do not modulate the extent of sequestration was obtained from parallel experiments in which intact cells were preincubated with thapsigargin, an inhibitor of the microsomal Ca*+-ATPase pump. Whereas pretreatment of SH-SY-5Y cells with 1 pM thapsigargin abolished the ability of 0x0-M to induce a rise in [Ca2+],, it had little effect on the extent of mAChR sequestration (Fig. 6 ) . sistently found to be greater than that obtained for digitonin-permeabilized cells (-25%; Fig. 7A and B). To determine whether this differential loss of [3H]-NMS sites was specific to the digitonin treatment, cells were also rendered permeable by addition of SLO (Ahnert-Hilger et al., 1989) . Under these conditions, 85% of the cells failed to exclude trypan blue, and 2 1 & 5% (n = 3 ) of the cellular LDH was released. When 1 mM 0x0-M was added to SLO-permeabilized cells, the loss of t3H]NMS sites (-25%) was comparable to that obtained for digitonin-treated cells (Fig. 7B) . However, if intact cells were first incubated with 0x0-M and then permeabilized with either digitonin or SLO, the loss of [3H]NMS binding sites was comparable to that observed for cells incubated with 0x0-M alone (Fig. 7C) . Both digitonin and SLO result in the formation of pores in the plasma membrane that allow the passage of large-molecularweight compounds such as LDH (135,000). In contrast, the a-toxin from S. aweus is reported to result in the formation of pores 1-2 nm in diameter, which allows the entry of trypan blue but not the release of LDH (Ahnert-Hilger et al., 1989) . Of the cells permeabilized with the a-toxin, 80435% failed to exclude trypan blue. When these cells were then incubated with 1 mMOxo-M for 30 min, 28 f 5% (n = 4) of [3H]NMS sites were lost, a value similar to that obtained for either digitonin-or SLO-treated cells. This loss of [3H]NMS sites in a-toxin-permeabilized cells was less marked than for intact cells, monitored concurrently (42 f 3% of total, n = 4; p < 0.05). In contrast to digitonin or SLO permeabilization, addition of the a-toxin induced release of little or no cellular LDH activity (4 f 0%, n = 3), a value indistinguishable from LDH release from nominally intact cells (2 +_ 0% of total, n = 3). Sequestered mAChR sites become accessible to PHI-NMS at higher concentrations of digitonin Relatively low concentrations of digitonin (20 p M ) were required for permeabilization of the majority of SH-SY-5Y cells. However, when higher concentrations of the nonionic detergent were used, an increased accessibility of the sequestered mAChRs to [3H]NMS was observed. Thus, when intact cells were first challenged with 1 mM 0x0-M and then permeabilized by addition of 20 pM digitonin, 35-40% of [ 'HINMS sites originally present were inaccessible. However, when the concentration of digitonin was increased to 80 pM, only 7% of the sites were lost (Fig.  8) (Thompson and Fisher, 1990) . The ability of 0x0-M to elicit a loss of cell surface mAChRs was not restricted to cells permeabilized with the nonionic detergent digitonin but was also observed for cells permeabilized with two bacterial exotoxins, SLO and the a-toxin from S. aureus (Ahnert-Hilger et al., 1989) .
Taken collectively, the present results indicate that m AChR sequestration can be initiated even when the structural integrity of the plasma membrane has been compromised by permeabilization. Furthermore, the data obtained with permeabilized cells suggest that when internalized, mAChRs exist in a cellular compartment that remains relatively inaccessible to [3H]-NMS even after the plasma membrane bamer has been removed. This may reflect the presence of the mAChR in an endocytotic vesicle, as has been described for the P,-adrenergic receptor (Hertel et al., 1983; von Zastrow and Kobilka, 1992) . Of the three agents used for cell permeabilization, the steroid glycoside digitonin, which targets the plasma membrane owing to its relatively high concentration of cholesterol, has had the most widespread use. However, concentrations of digitonin that selectively permeabilize the plasma membrane, while sparing intracellular membranes, must be used (Sarafian et al., 1987) . The majority (85%) of SH-SY-SY cells were permeabilized following short-term incubation with 20 pMdigitonin, and mAChR sequestration was consistently detected in cells thus treated. However, when higher concentrations of digitonin were used, sequestered mAChRs then became accessible to
[3H]NMS (Fig. 8) . Thus, the concentration of digitonin used appears critical to the successful application of permeabilized cells to studies of mAChR sequestration in SH-SY-SY neuroblastoma.
mAChR sequestration observed for SH-SY-SY cells permeabilized before agonist addition, while reliably and reproducibly observed, was consistently 30-35% less than that monitored either for intact cells or for cells permeabilized after agonist addition (see Fig.  7 ). This attenuation in responsiveness could conceivably reflect a loss of cytosolic components that occurred during the permeabilization process. However, because the 0x0-M-mediated loss of [3H]NMS sites observed following permeabilization with a-toxin (which releases no LDH) is comparable to that obtained following digitonin treatment (which releases 50% of the cellular LDH), it appears unlikely that the leakage of a high-molecular-weight component is a relevant factor. A role for a low-molecular-weight component remains possible, although ATP, Ca2+, or guanine nucleotides do not appear to be likely candidates. Two other possible explanations need to be considered: first, that the permeabilization process itself partially impairs the mAChR sequestration machinery, and second, that [3H]NMS may have greater access to mAChRs present in endocytotic vesicles derived from permeabilized cells than from intact cells.
Although agonist occupancy of mAChRs on SH-SY-SY cells leads to both the activation of PIC and receptor sequestration, the production of phosphoinositide-derived second messengers appears not to be required for receptor internalization, a finding consistent with previous observations obtained for m, mAChRs transfected into U293 cells (Lameh et al., 1992) . Thus, in the present study, neither the exclusion of ATP nor the lowering of [Ca2+], to t10 nM, both ofwhich strongly inhibit receptor-stimulated inositol lipid hydrolysis (Fisher et al., 1989 , had any effect on mAChR sequestration. Depletion of the inositol trisphosphate-sensitive Ca2+ pools with thapsigargin also failed to block receptor internalization. In contrast, inclusion of GDPDS inhibited mAChR sequestration and phosphoinositide hydrolysis (see Cioffi and Fisher, 1990) to the same extent. This is consistent with previous speculation that an event before PIC activation, possibly at the level of a guanine nucleotide binding protein, is linked to mAChR internalization (Thompson et al., 199 1) . Thus, receptor activation, but not second messenger production, appears to be a prerequisite for mAChR sequestration.
Permeabilized SK-N-SH and SH-SY-SY neuroblastoma cells have previously been used for studies of mAChR coupling to PIC (Fisher et al., 1989; Cioffi and Fisher, 1990; Wojcikiewicz et al., 1990a) , mAChR-stimulated Ca2+ release (Wojcikiewicz et al., 1990b) , and metabolism of inositol phosphate isomers generated on receptor activation . To this list can now be added mAChR sequestration, a slower adaptive response that results from continuous agonist occupancy of the mAChR (for kinetic comparisons, see Fisher et al., 1994) . It is also pertinent to note that the SH-SY-SY cell line possesses an abundance of a relatively homogeneous population of m3 receptors. Because it is increasingly evident that receptor subtypes, e.g., PI, &, and P3-adren-ergic (see Suzuki et al., 1992; Nantel et al., 1993) differ considerably in their propensity to undergo sequestration, the issue of receptor heterogeneity assumes major importance. Although transfected cells can provide an alternative approach for studying the internalization of a single receptor subtype, the results obtained may be influenced by the host cell type.
In summary, the present results indicate that mAChR sequestration can be successfully monitored in permeabilized neuroblastoma cells. This preparation may facilitate future studies of the interrelationships among receptor occupancy, activation of phosphoinositide hydrolysis, and receptor internalization.
